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Abstract
We present the QCD predictions for the azimuthal cos 2ϕ asymmetry in charm leptoproduction for the kinematics
of the COMPASS experiment at CERN. The asymmetry is predicted to be large, about 15%. The radiative correc-
tions to the QCD predictions for the cos 2ϕ distribution are estimated to be small, less than 10%. Our calculations
show that the azimuthal asymmetry in charm production is well defined in pQCD: it is stable both perturbatively and
parametrically, and practically insensitive to theoretical uncertainties in the input parameters. We analyze the non-
perturbative contributions to the cos 2ϕ distribution due to the gluon transverse motion in the target and the c-quark
fragmentation. Because of the c-quark low mass, the nonperturbative contributions are expected to be sizable, about
(30–40)%. We conclude that extraction of the azimuthal asymmetries from available COMPASS data will provide
valuable information about the transverse momentum dependent distribution of the gluon in the proton and the c-
quark hadronization mechanism. Finally, we discuss the cos 2ϕ asymmetry as a probe of the gluonic analogue of the
Boer-Mulders function, h
⊥g
1
, describing the linear polarization of gluons inside unpolarized proton.
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1. Introduction and notation
Perturbatively stable observables in charm production are of special interest in investigation of the role of nonper-
turbative effects at a GeV scale. Measurements of the quantities which are stable under radiative corrections could
provide direct access to nonperturbative contributions. Nontrivial examples of perturbatively stable observables were
proposed in Refs. [1–6], where, in particular, the azimuthal cos 2ϕ asymmetry (AA) in heavy-quark leptoproduction
was analyzed. It was shown in Refs. [1–3] that, contrary to the production cross sections, the azimuthal asymme-
try in charm photo- and leptoproduction is quantitatively well defined in pQCD: the contribution of the dominant
photon-gluon fusion mechanism to the AA is stable, both parametrically and perturbatively. In this paper, we show
that the AA in charm leptoproduction is sensitive to nonperturbative contributions: the gluon transverse motion in the
target and c-quark fragmentation. For this reason, measurements of the azimuthal asymmetry will provide valuable
information about the transverse momentum dependent (TMD) distribution of the gluon in the proton and the c-quark
hadronization mechanism.
In recent article [7], the COMPASS Collaboration has presented the semi-inclusive differential distributions of
charmedmesons produced by 160 GeV muons in DIS. In particular, semi-inclusive spectra of D∗± mesons are given as
a function of their lab system energy E, transverse momentum p⊥, energy fraction z, and virtual photon energy ν. The
COMPASS data are concentrated in the kinematic range defined by 0.003 GeV2 < Q2 < 10 GeV2, 3 · 10−5 < x < 0.1
and 20 GeV < E < 80 GeV.
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Figure 1: Definition of the azimuthal angle ϕ in the nucleon rest frame.
In the present paper, we provide the QCD predictions for the azimuthal cos 2ϕ asymmetry in charm leptoproduc-
tion,
l(ℓ) + N(P)→ l′(ℓ − q) + Q(pQ) + X[Q¯](pX), (1)
for the COMPASS kinematics. Neglecting the contribution of Z-boson exchange, the azimuth-dependent cross section
of the reaction (1) can be written as
d5σlN
dx dQ2dT1dU1dϕ
=
αem
(2π)2
1
x Q2
y2
1 − ε
[
d2σT
dT1dU1
(
x, Q2, T1,U1
)
+ ε
d2σL
dT1dU1
(
x, Q2, T1,U1
)
(2)
+ε
d2σA
dT1dU1
(
x, Q2, T1,U1
)
cos 2ϕ + 2
√
ε(1 + ε)
d2σI
dT1dU1
(
x, Q2, T1,U1
)
cosϕ
]
,
where αem is Sommerfeld’s fine-structure constant, the quantity εmeasures the degree of the longitudinal polarization
of the virtual photon in the Breit frame [8], ε =
2(1−y)
(1+(1−y)2) , and the kinematic variables are defined by
S¯ = 2 (ℓ · P) , y = q · P
ℓ · P , T1 =
(
P − pQ
)2 − m2,
Q2 = −q2, x = Q
2
2q · P , U1 =
(
q − pQ
)2 − m2. (3)
In the nucleon rest frame, the azimuth ϕ is the angle between the lepton scattering plane and the heavy quark pro-
duction plane, defined by the exchanged photon and the detected quark Q (see Fig. 1). The covariant definition of ϕ
is
cosϕ =
r · n√
−r2
√
−n2
, sinϕ =
Q2
√
1/x2 + 4m2
N
/Q2
2
√
−r2
√
−n2
n · ℓ,
rµ = εµναβPνqαℓβ, n
µ = εµναβqνPαpQβ. (4)
In Eqs. (3) and (4), m and mN are the masses of the heavy quark and the target, respectively. In terms of the above
definitions, the variables under consideration are:
E =
m2
N
− T1
2mN
, ν =
yS¯ − m2
N
2mN
, z =
E
ν
,
p2⊥ =
T1U1
yS¯
+
T1Q
2
y2S¯ 2
(
yS¯ + T1
)
− m2. (5)
2
In Eq. (2), d2σT (d
2σL) is the usual γ
∗N cross section describing heavy quark production by a transverse (longi-
tudinal) virtual photon. The cross section d2σA (d
2σI) originates from interference between transverse (longitudinal
and transverse) components of the photon and is responsible for the cos 2ϕ (cosϕ) asymmetry.
2. Parton-level cross sections
2.1. LO predictions
Within the dominant photon-gluon fusion mechanism, the hadron-level cross sections,
d2σk
dT1dU1
(
x, Q2, T1,U1
)
(k =
T, L, A, I), are related to the partonic ones, d
2σˆk
dt1du1
(
xˆ, Q2, t1, u1
)
, as follows:
d2σk
dT1dU1
(
x, Q2, T1,U1
)
=
∫ 1
ζ−
dζ ζ g(ζ, µF)
d2σˆk
dt1du1
(
x / ζ, Q2, ζT1,U1
)
(k = T, L, A, I), (6)
where ζ− = − xU1
Q2+xT1
, g(ζ, µF) describes gluon density in the proton evaluated at a factorization scale µF , and partonic
invariants in the single-particle inclusive (1PI) kinematics are:
xˆ = x / ζ, t1 = ζT1, u1 = U1. (7)
At leading order, O(αemαs), the parton-level cross sections have the form:
d2σˆBorn
k
dt1du1
(xˆ, Q2, t1, u1) = πe
2
Qαemαs
xˆ2
Q4
Bk(xˆ, Q
2, t1, u1) δ(Q
2/xˆ + t1 + u1), (8)
where
BT (xˆ, Q
2, t1, u1) =
t1
u1
+
u1
t1
+ 4
(
1 − xˆ − m
2Q2
xˆ t1u1
) (
Q2(m2 − Q2/2)
xˆ t1u1
+ xˆ
)
,
BL(xˆ, Q
2, t1, u1) = 8xˆ
(
1 − xˆ − m
2Q2
xˆ t1u1
)
,
BA(xˆ, Q
2, t1, u1) = 4
(
1 − xˆ − m
2Q2
xˆ t1u1
) (
m2Q2
xˆ t1u1
+ xˆ
)
, (9)
BI(xˆ, Q
2, t1, u1) = 4
√
Q2
(
xˆ(1 − xˆ) t1u1
Q2
− m2
)1/2
u1 − t1
t1u1
(
1 − 2xˆ − 2m
2Q2
xˆ t1u1
)
.
2.2. NLO corrections
The exact NLO, O(αemα2s ), contributions to the σˆT (xˆ, Q2) and σˆL(xˆ, Q2) cross sections have been calculated in
Ref. [9]. They are presently available in the form of fast computer codes, see e.g. Ref. [10].
The exact NLO predictions for the azimuth dependent cross sections σˆA(xˆ, Q
2) and σˆI (xˆ, Q
2) are presently un-
available. They, however, can be estimated within the soft-gluon (or threshold) approximation. These soft-gluon
corrections to σˆA(xˆ, Q
2) have been studied to next-to-leading logarithmic (NLL) accuracy in Ref. [3]. In particular,
the NLO NLL corrections have been calculated to the hadron-level azimuthal cos 2ϕ asymmetry, A(x, Q2), defined as
A(x, Q2) =
σA
σ2
(x, Q2), (10)
where σ2(x, Q
2) = σT (x, Q
2) + σL(x, Q
2).
Our results for the x distribution of the asymmetry A(x, Q2) in charm leptoproduction at fixed values of ξ = Q
2
m2
are presented in Fig. 2. One can see that, in the kinematics of the COMPASS experiment,1 the soft-gluon corrections
to the production cross sections affect the Born predictions for A(x, Q2) at NLO very little, by a few percent only. For
this reason, we neglect the radiative corrections to the azimuthal asymmetry in our further analysis.
1In the case of charm production, values ξ=1 and ξ=5 correspond to Q2 ≈ 1.6 GeV2 and Q2 ≈ 7.8 GeV2 , respectively.
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Figure 2: LO (solid lines) and NLO (dash-dotted lines) soft-gluon predictions for the x dependence of the azimuthal cos 2ϕ asym-
metry, A(x, Q2) = σA/σ2, in charm leptoproduction at ξ=1 and 5, ξ = Q
2/m2.
2.3. Nonperturbative contributions
Let us discuss how the photon-gluon fusion predictions for the azimuthal asymmetry are affected by nonperturba-
tive contributions due to the gluon transverse motion in the target and c-quark fragmentation. Because of the c-quark
low mass, these contributions are especially important in description of the charmed particles production.
To introduce the kT degrees of freedom for initial gluon, ~kg ≃ ζ~p + ~kT , one extends the integral over the parton
distribution function in Eq. (6) to kT -space,
dζ g(ζ, µF)→ dζ d2kT f g1
(
ζ,~k2T , µF
)
, (11)
where f
g
1
(
ζ,~k2
T
, µF
) ≃ f (~k2
T
)
g(ζ, µF). The transverse momentum distribution, f
(~k2
T
)
, is usually taken to be a Gaussian:2
f
(~k2T ) = e
−~k2
T
/〈k2
T
〉
π〈k2
T
〉 . (12)
In our study, the analytic treatment of kT effects is used. According to Ref. [16], the kT -smeared differential cross
section of the process (1) is a two-dimensional convolution:
d2σkick
k
d2pQ⊥
(
~pQ⊥
)
=
∫
d2kT
e−~k
2
T
/〈k2
T
〉
π〈k2
T
〉
d2σk
d2pQ⊥
(
~pQ⊥ −
1
2
~kT
)
(k = T, L, A, I). (13)
The factor 1
2
in front of ~kT in the r.h.s. of Eq. (13) reflects the fact that the heavy quark carries away about one half of
the initial energy in the reaction (1). In numerical estimates, we use the value 〈k2
T
〉 = 0.7 GeV2.
Hadronization effects in heavy flavor production are usually modeled with the help of the Peterson fragmentation
function [17],
D (ζ) =
aε
ζ
[
1 − 1/ζ − ε/(1 − ζ)]2 , (14)
where aε is a normalization factor and εD = 0.03 in the case of a D-meson production. The hadron-level differential
distribution has the following form:
d3σD
k
d3p
(
~p
)
=
∫
dζ d3pQD (ζ)
d3σk
d3pQ
(
~pQ
)
δ3
(
~p − ζ~pQ
)
(k = T, L, A, I), (15)
where σD
lN
is the cross section for the production of the charmed meson D with momentum ~p, and σlN is the cross
section for the production of the c-quark with momentum ~pQ.
2The Gauss Ansatz for the TMD PDFs is used in many approaches, see e.g. Refs. [11–13]. Note also that the Gaussian shape is supported by
data [14]. For more details, see Ref. [15] and references therein.
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Figure 3: Semi-inclusive differential distributions of the cos 2ϕ asymmetry for the COMPASS kinematics as a function of the
charmed meson lab energy E, fractional energy z = E
ν
, squared transverse momentum p2⊥ and virtual photon energy ν. For all
distributions, the LO (solid curves), LO + kT -kick (dotted curves) and LO + fragmentation (dashed curves) predictions are shown.
3. Hadron-level results
3.1. Azimuthal asymmetries
Our results for differential distributions of the AA in charm leptoproduction are presented in Fig. 3. We consider
the E-, z-, p2⊥- and ν-distributions of the asymmetry defined as
A(E) =
2
2π∫
0
dϕ cos 2ϕ
d2σlN
dEdϕ
(E, ϕ)
2π∫
0
dϕ
d2σlN
dEdϕ
(E, ϕ)
, A(z) =
2
2π∫
0
dϕ cos 2ϕ
d2σlN
dz dϕ
(z, ϕ)
2π∫
0
dϕ
d2σlN
dz dϕ
(z, ϕ)
, (16)
A(p2⊥) =
2
2π∫
0
dϕ cos 2ϕ
d2σlN
dp2⊥dϕ
(p2⊥, ϕ)
2π∫
0
dϕ
d2σlN
dp2⊥dϕ
(p2⊥, ϕ)
, A(ν) =
2
2π∫
0
dϕ cos 2ϕ
d2σlN
dνdϕ
(ν, ϕ)
2π∫
0
dϕ
d2σlN
dνdϕ
(ν, ϕ)
.
Note that all the computations are performed for the kinematics of the COMPASS experiment at CERN, i.e., for
El=160 GeV, 0.003 GeV
2 < Q2 < 10 GeV2, 3 · 10−5 < x < 0.1 and 20 GeV < E < 80 GeV.
In our calculations, the CT14nlo parametrization of the PDF together with the value mc = 1.25 GeV [18] are used.
Unless otherwise stated, we use µF =
√
4m2c + Q
2 throughout this paper.
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One of the most remarkable properties of the asymmetry is its parametric stability. Our analysis shows that
the fixed-order predictions for the AA are less sensitive to standard uncertainties in the QCD input parameters than
the corresponding ones for the production cross sections. For instance, sufficiently above the production threshold,
changes of µF in the range (1/2)
√
4m2c + Q
2 < µ < 2
√
4m2c + Q
2 only lead to a few percent variations of A(E). We
analyze also the dependence of the pQCD predictions on the uncertainties in the heavy-quark mass. We observe that
changes of the c-quark mass in the interval 1.3 < mc < 1.7 GeV affect the AA by about (5–7)% at Q
2 < 10 GeV2 and
x < 10−1. The corresponding variations of the cross sections are larger by an order of magnitude. We also verified
that the pQCD predictions for the AA are practically independent of the gluon distribution function, g(ζ, µF), in use.
One can see from Fig. 3 that the c-quark fragmentation has different impact on the E-, z-, p2⊥-, and ν-distributions
of the azimuthal cos 2ϕ asymmetry. Since the azimuth-dependent and independent cross sections have different energy
behavior, the convolution (15) affects essentially the Born-level predictions for A(E), especially at high values of E.
The same situation takes also place for A(z) where z = E
ν
is the fractional energy. Were the integration done over
entire range of the D-meson energy E, the QCD predictions for A(ν) with and without fragmentation would be exactly
equivalent. This is because the variable ν =
yS¯−m2
N
2mN
is independent of the c-quark 4-momentum, pQ. However, the
COMPASS spectrometer has the acceptance 20 GeV < E < 80 GeV that leads to small variations of the quantity A(ν)
under the fragmentation convolution (15). For the A(p2⊥) distribution, the hadronization effects are also expected to be
unessential.
One can see from Fig. 3 that the kT -kick contribution (dotted curve) to the A(E) spectrum is sizable in the region
E < 40 GeV. At higher energies, the hadronization mechanism (dashed curve) becomes essential. The A(ν) spectrum
is stable under the c-quark fragmentation but sensitive to the gluon transverse motion in the target. Since the AA is
stable under radiative corrections, we expect that measurement of its differential distributions in wide kinematic range
will improve our knowledge of both the gluon TMD distribution and charm fragmentation function.
As to the azimuthal cosϕ asymmetry in heavy flavor production, it is expected to be small. Were the integration
done over entire range of the D-meson energy E, the LOQCD predictions for the cosϕ asymmetry would be vanishing
because the corresponding partonic cross section, BI(xˆ, Q
2, t1, u1), in Eq.(9) is anti-symmetric under t1 ↔ u1. We have
verified numerically that the quantity
Acosϕ(E) =
2
∫
dϕ cosϕ d2σlN(E, ϕ)∫
dϕ d2σlN (E, ϕ)
(17)
is of the order of 1% in the COMPASS kinematics.
3.2. Production cross sections
In Fig. 4, we compare the COMPASS data [7] on the semi-inclusive differential cross sections for D∗+ and D∗−
mesons production (black circles and squares, respectively) with the QCD LO and LO + fragmentation predictions
(solid and dashed lines, correspondingly). Note that, in the considered approximation (i.e., in the LO photon-gluon
fusion), there is no any difference between D∗+ and D∗− mesons distributions.3 To normalize the fragmentation
function, we use the common assumption of 0.6 D∗ mesons per charm event. One can see from Fig. 4 that predictions
of the considered simplified approach (i.e., QCD LO + Peterson fragmentation) are in a reasonable agreement with
the experimental results [7] on the D∗ mesons production cross sections.
4. Conclusion
In this paper, we study the QCD predictions for the azimuthal cos 2ϕ asymmetry in charm leptoproduction for the
kinematics of the COMPASS spectrometer. Since the next-to-leading order corrections to the AA are predicted to be
small, we restrict ourselves by the leading order consideration and concentrate on the nonperturbative contributions:
the gluon transverse motion in the target and c-quark fragmentation. Because of the c-quark low mass, these nonper-
turbative contributions to the AA are predicted to be sizable, about (30–40)%. As to the cosϕ asymmetry in charm
3To describe the difference between D∗+ and D∗− mesons spectra, one should take into account the light quark contributions.
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Figure 4: Semi-inclusive differential cross sections for D∗± mesons production as a function of the charmed meson lab energy E,
fractional energy z = E
ν
, squared transverse momentum p2⊥ and virtual photon energy ν. Plotted are the COMPASS data [7] for D
∗+
(circles) and D∗− (squares) mesons, as well as the QCD LO (solid curves) and LO + fragmentation (dashed curves) predictions.
leptoproduction, it is predicted to be small (about 1%) in the considered kinematics. We conclude that extraction of the
azimuthal asymmetries from available COMPASS data will provide valuable information about the TMD distribution
of the gluon in the proton and the c-quark hadronization mechanism.
Presently, the AAs in heavy-quark electroproduction are completely unmeasured. Experimental information about
the cos 2ϕ asymmetry could justify its (predicted) remarkable properties and provide very promising applications. In
particular, the azimuthal asymmetry seems to be good probe of the intrinsic charm density [19, 20] and linearly
polarized gluon distribution, h
⊥g
1
(
ζ,~k2
T
)
, in unpolarized proton.4 (For details, see Appendix).
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Appendix A. Azimuthal asymmetries and linear polarization of gluons inside unpolarized nucleon
Let us now discuss how the azimuthal asymmetries under consideration can be used in extraction of the gluonic
analogue of the Boer-Mulders function, h
⊥g
1
(
ζ,~k2
T
)
, from future data on heavy-quark pair production in lepton-nucleon
DIS. The function h
⊥g
1
(
ζ,~k2
T
)
describes the distribution of linearly polarized gluons inside unpolarized nucleon [23].
The corresponding TMD distribution of unpolarized gluons is usually denoted by f
g
1
(
ζ,~k2
T
)
, g(ζ) =
∫
d2kT f
g
1
(
ζ,~k2
T
)
.
In Refs.[24–26], it was proposed to study the linearly polarized gluon density in unpolarized nucleon using the heavy-
quark pair production in the reaction
l(ℓ) + N(P)→ l′(ℓ − q) + Q(pQ) + Q¯(pQ¯) + X(pX). (A.1)
For this purpose, the momenta of both heavy quark and anti-quark, ~pQ and ~pQ¯, in the process (A.1) should be measured
(reconstructed). For further analysis, the sum and difference of the transverse heavy quark momenta are introduced,
~K⊥ =
1
2
(
~pQ⊥ − ~pQ¯⊥
)
, ~kT = ~pQ⊥ + ~pQ¯⊥, (A.2)
in the plane orthogonal to the direction of the target and the exchanged photon. The azimuthal angles of ~K⊥ and ~kT
(relative to the the lepton scattering plane projection, φl = φl′ = 0) are denoted by φ⊥ and φT , respectively. It is also
useful to introduce the sum and difference of the magnitudes of the heavy quark transverse momenta,
K =
1
2
(∣∣∣~pQ⊥∣∣∣ + ∣∣∣~pQ¯⊥∣∣∣) , ~K2⊥ = 14 (∆K)2 sin2
α
2
+ K2 cos2
α
2
,
∆K =
∣∣∣~pQ⊥∣∣∣ − ∣∣∣~pQ¯⊥∣∣∣ , ~k2T = (∆K)2 cos2 α2 + 4K2 sin2
α
2
, (A.3)
where α = π − (ϕQ − ϕQ¯) and ϕQ (ϕQ¯) is the azimuth of the detected quark (anti-quark).
At LO, O(αemαs), the only parton-level subprocess for the reaction (A.1) is γ∗(q) + g(kg) → Q(pQ) + Q¯(pQ¯),
where ~kg ≃ ζ~p + ~kT . For this reason, the quantity ∆K is determined by the gluon transverse momentum in the target,
∆K ≤
∣∣∣~kT ∣∣∣ ∼ ΛQCD. Sizable values for the azimuthal asymmetries are expected at K ∼ ∣∣∣~pQ⊥∣∣∣ & m. In this kinematics
(i.e., for ∆K
/
K ∼ ΛQCD/ m ≪ 1), the following relations between the azimuthal angles hold:
φ⊥ ≃
ϕQ + ϕQ¯
2
+
π
2
= ϕQ +
α
2
, α = π − (ϕQ − ϕQ¯),
φT ≃
ϕQ + ϕQ¯
2
= ϕQ +
α − π
2
, φT ≃ φ⊥ − π
2
. (A.4)
One can see from Eqs.(A.4) that the angles φ⊥ and φT are not independent from each other at ∆K
/
K ≪ 1. In this
approximation, the master formula (21) in Ref. [25] for the angular structure of the cross section (A.1) takes the
following form:
dσlN ∝
{
A0 − ~k2T B0 +
[
A1 − ~k2T
(
B1 + B
′
1
)]
cosφ⊥ +
[
A2 − ~k2T
(
B2 + B
′
2
)]
cos 2φ⊥
}
. (A.5)
Corrections to the approximate Eqs.(A.4,A.5) are of the order of O(∆K/K). Note also that ∆K/K ≪ 1 implies∣∣∣~kT ∣∣∣ ≪ ∣∣∣~K⊥∣∣∣ for ϕQ − ϕQ¯ ≈ π.
The exact definitions and LO predictions for the terms Ai, Bi (i = 0, 1, 2) and B
′
1,2
are presented in Refs. [25, 26].
The quantities Ai are determined by the unpolarized TMD gluon distribution, Ai = Aˆi f
g
1
(
ζ−,~k2
T
)
, while Bi and B
′
i
depend on the linearly polarized gluon density, B
(′)
i
= 1
2m2
N
Bˆ
(′)
i
h
⊥g
1
(
ζ−,~k2
T
)
, where ζ− = −U1
yS¯+T1
.
Integrating Eq.(A.5) over the anti-quark azimuth, ϕQ¯, we obtain the following angular structure at
∣∣∣~kT ∣∣∣ ≪ ∣∣∣~K⊥∣∣∣:
d6σlN
dx dQ2dT1d~K
2
⊥d~k
2
T
dϕ
= NA0
{
1 − ~k2T
B0
A0
+
A1
A0
[
1 − ~k2T
B1 + B
′
1
A1
]
cosϕ +
A2
A0
[
1 − ~k2T
B2 + B
′
2
A2
]
cos 2ϕ
}
, (A.6)
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whereN is a normalization factor, while ϕ ≡ ϕQ and ~K2⊥ = p2⊥ are the heavy-quark azimuth and transverse momentum
defined by Eqs.(4) and (5), respectively.
Eq.(A.6) is obtained within the TMD factorization scheme and can serve as a generalization of the cross section
(2) which was derived in the framework of collinear factorization. Putting h
⊥g
1
(
ζ,~k2
T
)
= δ
(~k2
T
)
hˆ
⊥g
1
(ζ) and integrating
Eq.(A.6) over ~k2
T
, we will exactly reproduce the collinear results given by Eqs.(2-9).
One can see from Eq.(A.6) that the gluonic analogue of the Boer-Mulders function, h
⊥g
1
(
ζ,~k2
T
)
, can, in principle, be
determined from measurements of the ~k2
T
-dependence of the cosϕ and cos 2ϕ asymmetries. Within the TMD scheme,
these asymmetries have the form A1
A0
(
1 − ~k2
T
B1+B
′
1
A1
)
and A2
A0
(
1 − ~k2
T
B2+B
′
2
A2
)
, respectively. The ratios A1
A0
and A2
A0
describe
the cosϕ and cos 2ϕ distributions in the collinear scheme, i.e., A1
A0
≈ (2−y)
√
1−y
1+(1−y)2
d2σI
d2σ2
and A2
A0
≈ 2(1−y)
1+(1−y)2
d2σA
d2σ2
, where the
cross sections d2σk (k = 2, L, A, I) are defined by Eqs.(2-9).
As noted in Section 3, the quantity A1
A0
∼ d2σI
d2σ2
is predicted to be small, of the order of 1%. For this reason, it
will be questionable to extract experimentally the ratio ~k2
T
B1+B
′
1
A1
=
~k2
T
2m2
N
h
⊥g
1
(
ζ,~k2
T
)
f
g
1
(
ζ,~k2
T
) from future measurements of the cosϕ
distribution.
At the same time, the ratio A2
A0
∼ d2σA
d2σ2
is predicted to be large, about (15–20)%, and perturbatively stable. We
conclude that the cos 2ϕ asymmetry in heavy-quark leptoproduction could be good probe of the linear polarization
of gluons inside unpolarized nucleon. Concerning the experimental aspects, azimuthal asymmetries in charm and
bottom production can be measured at the proposed EIC [27] and LHeC [28] colliders. In detail, our predictions for
the cos 2ϕ asymmetry within the TMD factorization scheme will be presented in a forthcoming publication.
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